High capacity and high energy cathodes prepared from Li-rich 0.35Li 2 MnO 3 $0.65Li [Mn 0.45 1-3 This multi-phase designation remains controversial with support in the literature for a solid solution composed of a superlattice including stacking faults that have been incorrectly assigned as a separate C2/m component.
Enhanced capacity and lower mean charge voltage of Li-rich cathodes for lithium ion batteries resulting from low-temperature electrochemical activation † Evan M. Erickson Li-rich cathode materials of the general formulae Li 1+x -Mn 0.33+y Ni z Co w O 2 (x + y + z + w ¼ 2.66), are oen described as two layered, structurally compatible, monoclinic Li 2 MnO 3 (C2/ m) and rhombohedral Li[MnNiCo]O 2 (R 3m) components integrated on a nanoscale. [1] [2] [3] This multi-phase designation remains controversial with support in the literature for a solid solution composed of a superlattice including stacking faults that have been incorrectly assigned as a separate C2/m component.
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Some authors have suggested that these differences are possibly due to the wide variety of composition and synthesis techniques, with different synthesis parameters producing the solid solution or the integrated material. 5 In any case, ending this controversy is beyond the scope of this short communication. For this paper, we refer to the 0.35Li 2 MnO 3 $0.65Li[Mn 0.45 -Ni 0.35 Co 0.20 ]O 2 material (obtained from BASF) as a two-phase system consisting of structurally integrated layered monoclinic Li 2 MnO 3 and rhombohedral LiMO 2 components. This conclusion is based on our recent work that provided careful Rietveld analysis of XRD patterns and electron diffraction studies of this material. [1] [2] [3] This is in line with papers by Thackeray et al., which have interpreted Li-rich materials to be a composite of two phases.
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Li-rich cathodes offer a high discharge capacity, approaching 300 mA h g À1 , though this is offset somewhat by a lower operating average discharge voltage (ca. 3. 
15
Returning to Li-rich materials, they suffer from a voltage and capacity fade upon cycling caused by partial migration of transition metal ions to the Li + layer, and the thermodynamic drive of the layered structure to convert partially to spinel-like phase. 1, 16 The goal of this communication is to report on our recent important nding that performing the rst two cycles (the "activation" cycles) of 0. C, "Low-T activation") signicantly increases electrode discharge capacity, decreases average charge voltage and voltage hysteresis. We demonstrate that "Low-T activation" does not improve drastically discharge voltage fading or capacity fading. However, the positive effect on both capacity and average voltage is clearly evident. Hence, this paper describes an interesting effect of temperature on the activation of these materials, that further affects their performance. Since the mechanisms of activation and operation of these materials are very complicated, each discovery of a new phenomenon, can add further understanding about their behaviour and practical potential. This is a short communication which intends to report for the rst time on the positive effect of low-T activation, concentrating on the electrochemical response of these cathode materials. Full papers will follow reporting on detailed structural analysis, long-term full cell cycling data and mechanistic research. More work is required to conrm that low-T activation may be used for practical stabilization of capacity and voltage of these cathode materials.
We have also tried low-T activation with other formulations of Li-rich materials, showing similar results (work is in progress). We can clearly claim that what we present herein is a general phenomenon related to the family of the Li-rich cathode materials. From our knowledge, previous temperature dependence studies on similar materials did not monitor capacity differences or average voltages resulting from different activation temperatures.
17 Hence, our work demonstrated herein is novel and focused on the electrochemical approach as it is sensitive enough to study the 0. C. The Lirich material was provided by BASF and its structural and morphological characteristics, as well as cycling performance were studied by us previously. [1] [2] [3] Further structural information of the Li-rich material including SEM micrographs are presented in the ESI (Fig. S1 , S2 and Table S1 †). discharge capacities, accompanied by smaller differences in the average charge-discharge voltages (Fig. 2) . Especially affected is the charge voltage, which is stable upon cycling and lower by 50-100 mV for electrodes activated at 0 C. Discharge voltages remain within 1 std. deviation of each other ( Fig. 2A) . The difference between the charge and discharge voltages, the hysteresis DE, is also lower by 50-100 mV for electrodes activated at 0 C, for prolonged cycling (Fig. 2B ). results of the rst cycle show a clear dependence on the activation potential with temperature (peak 1). We established that as activation temperature is lower, the oxidation peak associated with activation and O 2 release shis to higher potentials, as expected ( Fig. 3A and B) . Indeed, when the activation temperature is 0 C, the oxidation peak > 4. 
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The activation process involving the extraction of Li + from the TM layer are reected by 3 peaks in Fig. 3 . All dQ/dV and voltage proles were taken from one representative cell since they cannot be reasonably averaged. First, the irreversible activation peak occurs, labelled 1, shiing to higher potentials when 0. Fig. 3C ), believed to be related to Li + removal from the TM layer, is followed by a third peak, 3, Li + removal from the Li-layer. 19 The higher potential peaks can be attributed to redox activity of layered Li(TM)O 2 component, so are omitted from discussion. Fig. 4A and B) . In contrast, for the samples activated at 15 C, peak 1 is missing in Fig. 4 , indicating that activation was completed during the rst two cycles.
Here we should note that previous "window opening" experiments by other groups have shown that slow activation of the Li-rich electrodes through stepwise increasing anodic potential limits can also increase discharge capacity. 8, 9, [20] [21] [22] Hence it is suggested that the mechanism behind low-T activation in our study involves a slower activation of the material conferred both by a step-wise increase of potential as in the "window opening" pre-treatments and diminished thermal agitation during electrodes' activation at low temperature. Cycling improvements conferred by low-T activation may be due to a slower and partial structural reorganization of Li 2 MnO 3 that permits greater Li + extraction from the TM-layer, and a smaller amount of the surface O 2 released. In Fig. 4B the activation plateau is at 4.52 V, similarly to the cell activated at 30 C (Fig. 3B) . For the cells activated at 0 C, upon the third cycle at 30 C, oxidation peak 1 is extremely intense, and reduction peaks 2 and 3 appear, indicating further activation occurs ( Fig. 4A and B) . We suggest that low-T activation stimulates retaining the Li 2 MnO 3 structure with redox activity involving the Li + ions re-insertion into the TM layer. This provides the highest discharge capacity, $260 mA h g
À1
, by the 3 rd cycle (Fig. 4B) . Fig. 4C illustrates that peak 2 (Li + extraction from/ insertion to the TM layer) for the electrode activated at 0 C is extremely sharp, well dened and is highest for this cell. The intensity of this peak decreases for the 15 C cells, and it is the lowest for the 30 C cells. The opposite evolution was established occurring for peak 3 (Li + insertion into the Li-layer).
The mechanism behind low-T activation at 0 C resulting in several improvements, like capacity increase, decrease in average charge voltage, its stabilization, and diminished voltage hysteresis upon cycling of 0. Thermal activation also involves the slight shiing of the activation potential window, so this also likely plays a role in slowing the activation mechanism similar to potential "window opening". We suggest that the low-T activation effect is in line with the observation reported recently by Thackeray et al. that lower charge-discharge voltage (hysteresis) in xLi 2 MnO 3 $(1 À x) Li(TM)O 2 electrodes results from the non-activated Li 2 MnO 3 component. 8 One of the questions that motivated our research was to evaluate whether the phenomenon of the lowtemperature electrode activation relates to a surface or bulk dominated processes. Aiming this, we explored these cathodes by impedance spectroscopy, which enable separation of the various time constants determining the electrode kinetics. The impedance spectra of 0. order to compare the impedance of all the electrodes at the same temperature. They were then brought to the potentials of interest (3.8, 3.9 and 4.0 V), and held for 10 h potentiostatically to establish a constant potential. Impedance spectra were measured from 500 kHz to 5 mHz, as described in ref. 3 . Small increases in the surface lm resistance of these electrodes (calculated from the diameter of the high-to-medium frequency semicircle) are observed as a function of temperature in the range 0-30 C. The high-medium frequency impedance becomes pronouncedly higher when the activation was carried out at 45 C. The impedance spectra are potential dependent. This is expected, since the spectral features presented reect also time constants related to charge transfer processes. In general, once the electrodes become passivated, their surface lm should not change dramatically upon cycling. 23 The most important nding in Fig. 5 was that both the surface aspects represented by the high-medium frequency semicircles in the spectra (may reect the nature of the surface lms, formation of surface vacancies and defects) and bulk aspects (reected by the low frequency impedance) are affected by the activation temperature (Fig. 5B) . This makes the low temperature (e.g. 0 C) activation a complex phenomenon, in which both surface and bulk structural aspects are involved. These preliminary studies by EIS, prove further that the temperature dependent activation described herein requires more studies. Hence, in this paper we describe the basic phenomenon of the temperature-affected activation, with an emphasis on electrochemical studies only. Further work is focused on intensive structural analysis and search for peculiarities of Li-rich materials' activation at low temperatures and elucidation of its mechanism. On-going work includes also quantitative analysis of gas evolution by on-line (operando) mass spectrometry, which can monitor O 2 and other gases evolved during activation at different temperatures. 24, 25 Additionally, the long-term cycleability of these cathode materials is of the highest importance for commercial applications and hence, their capacity and voltage stability in full cells should be demonstrated. Fig. S3 in the ESI † depicts the changes in the electrode dQ/dV plots over 100 cycles, which show that low-T activation does not eliminate the fading mechanisms associated with Li-rich electrodes, but yet may improve stability even during prolonged cycling. The present prompt report on the surprising low temperature activation effect stimulates further intensive mechanistic research.
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